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Dendrites represent arborising neurites in both vertebrates and invertebrates. However, in vertebrates, dendrites develop on neuronal cell
bodies, whereas in higher invertebrates, they arise from very different neuronal structures, the primary neurites, which also form the axons. Is this
anatomical difference paralleled by principal developmental and/or physiological differences? We address this question by focussing on one
cellular model, motorneurons of Drosophila and characterise the compartmentalisation of these cells. We find that motorneuronal dendrites of
Drosophila share with typical vertebrate dendrites that they lack presynaptic but harbour postsynaptic proteins, display calcium elevation upon
excitation, have distinct cytoskeletal features, develop later than axons and are preceded by restricted localisation of Par6-complex proteins.
Furthermore, we demonstrate in situ and culture that Drosophila dendrites can be shifted from the primary neurite to their soma, i.e. into
vertebrate-like positions. Integrating these different lines of argumentation, we propose that dendrites in vertebrates and higher invertebrates have
a common origin, and differences in dendrite location can be explained through translocation of neuronal cell bodies introduced during the
evolutionary process by which arthropods and vertebrates diverged from a common urbilaterian ancestor. Implications of these findings for studies
of dendrite development, neuronal polarity, transport and evolution are discussed.
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Neurons in vertebrates and arthropods are functionally
similar (Laurent, 1999) and are believed to have common
evolutionary roots (Ghysen, 2003; Nu¨bler-Jung and Arendt,
1994). However, nerve cords of vertebrates and arthropods are
very differently organised (Fig. 1; Bullock and Horridge, 1965;
Ramo´n y Cajal, 1909, 1911). Neuronal cell bodies in the
vertebrate nerve cord lie in the synaptic core area (grey matter).
They are heteromultipolar (Bullock and Horridge, 1965), i.e.
two functionally and structurally distinct types of neurites
(postsynaptic dendrites and presynaptic axons) emanate direct-
ly from their cell bodies. Ascending and descending axons0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: Andreas.Prokop@manchester.ac.uk (A. Prokop).connecting brain and spinal cord are myelinated and placed in
the outer non-synaptic layer of the spinal cord (white matter).
In contrast, in the arthropod nerve cord, ascending and
descending axons are placed in the synaptic core area
(neuropile), whereas the outer non-synaptic layer (cortex)
harbours the neuronal cell bodies. These cell bodies are
unipolar in their majority, each displaying usually only one
primary neurite which projects into the synaptic core area
(neuropile) and branches thereafter into neurites of mostly
poorly defined synaptic nature.
Given these organisational differences, we have to ask to
which degree unipolar and heteromultipolar neurons are
structurally comparable and develop on common principles.
Here, we approach this question by focussing on one cellular
model, motorneurons in the Drosophila nerve cord, and
characterise the compartmentalisation of these cells. Various
features have been described for these motorneurons: they send
usually one primary neurite into the neuropile from where they88 (2005) 126 – 138
www.e
Fig. 1. Comparing motorneurons in vertebrate spinal cord and Drosophila
ventral nerve cord. Symbols are used consistently throughout the figure. (A) A
typical vertebrate neuron is heteromultipolar: postsynaptic dendrites (curved
arrow) and presynaptic axon (black arrow) both emanate from the soma
(arrowheads). The centre of functional polarity (axon hillock; white arrow) lies
at the cell body, referred to as somatic polarity. (B) Saggital section (one body
half; dashed line is midline) through the vertebrate spinal cord; somata of
vertebrate neurons lie in the synaptic core area (grey matter; gm; here: two
motorneurons in the ventral horn) amongst dendritic and axonal projections,
whereas the outer layer (white matter; wm) harbours ascending and descending
axons (circles with  or dot, respectively); the sensory input area (darker
shaded) lies in the dorsal horn. (C) A typical Drosophila motorneuron is
unipolar: only one primary neurite emanates from its cell body (double
chevron) terminating in a presynaptic ending (pre) and budding off dendrites on
its way through the neuropile. In analogy to motorneurons of larger insects
(Burrows, 1996) and based on our results, the centre of functional polarity
(spike initiation zone; white arrow) is expected to lie at the dendrite base away
from the cell body (ectosomatic polarity). (D) In contrast to vertebrates,
ascending and descending axons lie in the synaptic core area (neuropile, np),
whereas neural somata lie in the outer layer (cortex, cx); regardless of their
soma position (here: D = dorsal, L = lateral) dendrites of motorneurons are
placed in the dorsal region of the neuropile, whereas the sensory input region
lies ventral (Landgraf et al., 2003b). (E) Scheme of a Drosophila CNS in
horizontal view showing the same two motorneurons as in panel B (dashed line,
midline; ant, anterior; post, posterior; NMJ, neuromuscular junctions on two
muscles); dashed box illustrates sector of most images shown in Figs. 2–5 and
8) and Supplementary Fig. 1.
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side branches in the dorsal neuropile (Landgraf et al., 2003b).
These side branches are commonly referred to as dendrites.They display tree-like shapes which could be classified as
partial spherical radiation type when using nomenclature for
vertebrate dendrites (Fiala and Harris, 1999; Figs. 1, 2). They
are arranged into somatotopic maps which are roughly
comparable to motor columns in the ventral horn of the
vertebrate spinal cord (Landgraf et al., 2003a; Tsuchida et al.,
1994). Thus, dendrites of Drosophila motorneurons and of
vertebrates show similarities at the gross morphological level.
But are they similar also at the molecular and developmental
level? Although extensive work has been carried out on
dendrites in a number of arthropods (Laurent, 1999), the
available data about their molecular properties are not
sufficient to address this question satisfactorily (see discussion
for details). Even if they shared a wider range of molecular
properties, would dendrites in both systems have to be
considered analogous or homologous given their strikingly
different position (on cell bodies vs. primary neurites)? These
questions are of interest in the light of ongoing discussions
about the evolution of vertebrates and arthropods (Ghysen,
2003; Nu¨bler-Jung and Arendt, 1994), and they are pivotal in
the context of ongoing work on dendrite formation with respect
to translatability of insights from invertebrate to vertebrate
models (Jan and Jan, 2003; Kim and Chiba, 2004).
Here, we show that dendrites of vertebrates and of
Drosophila motorneurons share essential properties and are
likely to share the same developmental roots. We propose that
dendrites of arthropods and vertebrates are homologous and
suggest modes in which they may have evolved from a
common urbilaterian ancestor.
Materials and methods
Fly stocks
The following fly strains were used for this project: OK6-Gal4 (courtesy of
B. McCabe; Aberle et al., 2002; Landgraf et al., 2003a), eve-Gal4 (RRK and
RN2 alleles; courtesy of J. Janes; Fujioka et al., 1999; Landgraf et al., 2003b;
Lo¨hr et al., 2002), MzVUM-Gal4 (Landgraf et al., 2003b), scabrous-Gal4
(Budnik et al., 1996), elav-Gal4 (Bloomington stock centre; Luo et al., 1994),
UAS-Synaptotagmin-hemagglutinin (UAS-syt-HA; courtesy of I. Robinson;
Lo¨hr et al., 2002; Robinson et al., 2002), UAS-tau-myc (courtesy of S. Thor;
Thor et al., 1999), UAS-GFP-a-tub84B (courtesy of C. Boekel; Grieder et al.,
2000), UAS-GFP-Shot-L(A) (courtesy of P. Kolodziej; Lee and Kolodziej,
2002), UAS-nod-lacZ (courtesy of S. Sweeney; Clark et al., 1997), UAS-actin-
GFP (UAS-Act5C.T:GFP127.37.2 and UAS-Act5C.T:GFP127.18.4; Bloomington
Stock Centre; Kelso et al., 2002), UAS-mCD8-GFP (courtesy of L. Luo; Lee
and Luo, 1999), UAS-cdc42V12 (courtesy of E. Martin-Blanco; Luo et al.,
1994), UAS-Cameleon2.1 (Diegelmann et al., 2002), UAS-homer-myc (cour-
tesy of U. Thomas; Diagana et al., 2002), Df(3)Synapsin97 (courtesy of E.
Buchner; Godenschwege et al., 2004; Lo¨hr et al., 2002).
Immunohistochemistry
Antibodies used in these studies are directed against Synapsin (mouse,
1:10; Klagges et al., 1996), CD8 (rat, 1:10, Caltag Laboratories), Fasciclin2
(Developmental Studies Hybridoma Bank; mouse, 1:10; VanVactor et al.,
1993), haemagglutinin (HA; rat, 1:100; Boehringer-Mannheim), Lgl and Par-6
(both courtesy of J. Knoblich; rabbit, 1:100 and 1:1000, respectively;
Betschinger et al., 2003; Petronczki and Knoblich, 2001), aPKC (courtesy of
A. Wodarz; rabbit, 1:1000; Sigma), Bazooka (rabbit; 1:1000), GFP (Molecular
Probes; rabbit, 1:200), Myc (mouse, 1:20; Calbiochem), Tubulin (mouse,
1:1000; Sigma), and h-Galactosidase (Cappel; rabbit, 1:2000), Horseradish
Fig. 2. Motorneuronal side branches represent postsynaptic compartments. Stainings are given top right, body location bottom left (compare Fig. 1E) and name of cell
lineage or used Gal4 line at bottom right. (A, B) In the late embryonic vNC, endogenous presynaptic Synapsin (green) is absent from motorneuronal side branches
(curved arrow) in 8 reproducible cell lineages (NB3-1, NB3-2; not shown: NB1–1, 5–2, 5–3, 7–1, VUM, MNB; 2 examples, respectively; Schmidt et al., 1997).
Lineages derive from transplantations of single mCD8-GFP- and Synapsin-positive neural precursors into synapsin-deficient hosts so that host tissue is unlabelled
(Lo¨hr et al., 2002). In the donor lineage, only interneuronal projections (asterisks) show Synapsin, somata (arrowheads), motor axons (arrows) and dendrites (curved
arrow) are labelled only by mCD8-GFP (magenta). (C–EV) Late larvae expressing mCD8-GFP (CD8), Synaptotagmin-HA (Syt-HA) or GABA-receptor (Rdl-HA)
targeted to aCC and RP2 motorneurons (eve-Gal4RRK) or all motorneurons (OK6-Gal4); mCD8-GFP (magenta) labels motorneuronal dendrites in the vNC and their
terminals at NMJs (symbols like in panels A, B); presynaptic Syt-HA accumulates exclusively at NMJs, postsynaptic Rdl-HA exclusively in dendrites. (F–HW)
Calcium measurements in vNC of late embryonic eve-Gal4RN;UAS-cameleon2.1 animals (symbols as in panels A, B); calcium-dependent FRET response of
Cameleon2.1 (increase in the ratio of yellow fluorescent emission, EYFP, to cyan fluorescent emission, ECFP, given as relative fluorescence intensity DF/F) was
measured in dendritic (1), somatic (2) or axonal regions (3; G–HW) using previously described methods (Fiala et al., 2002). Dendrites (G) and somata (GV) respond to
acetyl choline chloride application (ACh; 0.01 mM), but not control regions (GW); if data from 5 embryos (averages from 12–24 somata or 4–8 dendritic regions) were
normalised and pooled, significant elevation of calcium levels was observed upon ACh but not Ringer application to dendrites (H, HW; 3.96 T 1.08%; P < 0.001, t test)
and somata (HV; 7.29 T 2.95%, P < 0.006, t test; Ringer not shown). Scale bar represents 10 Am in panels A and B, 30 Am in panels C to E and 20 Am in panel F.
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USA; Jan and Jan, 1982), Futsch (22C10; mouse,1:10; Developmental Studies
Hybridoma Bank, DSHB; University of Iowa, Iowa, USA; Fujita et al., 1982;
Hummel et al., 2000).
Embryos were dissected flat on Sylgard using Histoacryl glue (Braun
Melsungen), larvae were dissected flat on Sylgard with microscissors and
pinned down with insect needles. All dissections were carried out in external
bath solution for electrophysiology (Broadie, 2000). Fixation for 30–60 min in
4% paraformaldehyde in 0.05M phosphate buffer (pH7–7.2) was followed by a
1 h washing step in phosphate buffered saline with 0.1% TritonX (PBT).
Incubation with antibodies was carried out in PBT without any blocking
reagents followed by incubation in commercial fluorescent dye-coupled
secondary antibodies (Jackson; dilution 1:200). Analyses were carried out on
a Leica P2 confocal microscope.
Generation of transgenic UAS-HA-Rdl fly lines
The HA epitope sequence was inserted into position 507 of the Rdl gene
transcript CG10537-RA via PCR site-directed mutagenesis. This construct
was cloned into a BglII/NotI-digested pP(UAST) vector (Brand and
Perrimon, 1993). For cloning Bazooka-GFP, with the GFP fused at the C-
terminus, the complete coding region, except the stop codon, was amplifiedby PCR from p6.3 (Kuchinke et al., 1998), using the following primers: 5V-
TTCCCGGGAATGAAGGTCACCGTCTGCTTCGGC-3V (start codon in
bold, introduced SmaI site underlined) and 5V-TACCCGGGCAGCTTG-
GAGGCGTGTGGCTGGGAACC-3V (introduced SmaI site underlined). The
SmaI fragment was cloned in frame into the SmaI site of pEGFP-N2
(Clontech, Heidelberg). The Asp713 and XbaI fragment encoding the
Bazooka-GFP fusion protein was cut out and cloned into pUAST (Brand
and Perrimon, 1993), cut with KpnI and XbaI. Microinjection of white-
minus mutant flies and establishment of transgenic lines were done
according to standard procedures (Spradling and Rubin, 1982). One UAS-
Rdl-HA (2nd chromosome) and one UAS-Baz-GFP (1st chromosome) line
were used here.
Cell transplantations
Cell transplantations were carried out as described elsewhere (Lo¨hr et al.,
2002; Prokop and Technau, 1993). In brief, genetically labelled precursor
cells from the neurogenic region of donor embryos at the early gastrula stage
were transplanted isochronically and isotopically to unlabelled host embryos.
As donors, we used wild type embryos carrying one copy of a Gal4
construct under the control of the ubiquitous tubulinP-enhancer and one
copy of the Uas-CD8-GFP reporter construct (Lee and Luo, 1999). Host
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Synapsin (Godenschwege et al., 2004). Following transplantation, the host
embryos were allowed to develop at 25-C and shifted to 29-C during the
last few hours. At the end of embryogenesis, they were dissected and
immunostained with anti-CD8 (to visualise the neuronal morphology) and
anti-Synapsin antibodies (to visualise presynaptic sites). Only the transplan-
tation-derived cells express the surface marker CD8 and the presynaptic
protein Synapsin, which can be seen exclusively along CD8-labelled
processes. Since endogenous Synapsin expression is analysed in these cells,
its spot-like staining should represent true output synapses of these neurons
(Lo¨hr et al., 2002).
Measurements of intracellular-free [Ca2+] using Cameleon2.1
Principles of Cameleon2.1-mediated measurements of intracellular-free
[Ca2+] followed previously published procedures (Fiala et al., 2002;
Miyawaki et al., 1999). Preparation of larvae and optical imaging was
performed in Ringer solution containing 5mM HEPES–NaOH (pH 7.3), 130
mM NaCl, 5mM KCl, 2 mM CaCl2, 2mM MgCl2 and 36 mM sucrose
(Estes et al., 1996). The preparation was placed under an upright
fluorescence microscope (Axioscope 2FS, Zeiss, Go¨ttingen, Germany),
equipped with a 40 water immersion objective (Achroplan, Zeiss,
Go¨ttingen, Germany) and a cooled CCD camera (CoolSnap HQ, Roper
Scientific, Tucson, AZ). Excitation light of 436 nm wavelength was provided
by a xenon lamp and a polychromator (Visitron, Puchheim, Germany).
Emission light was separated using a 455 nm DCLP filter. For separation of
EYFP and ECFP emission, a beam splitter device with a Cameleon filter set
(Optical Insights, Santa Fe, NM) was used. Data acquisition was controlled
using the MetaFluor software (Universal Imaging, Downingtown, PA) and
performed with 225 ms illumination time per frame at a rate of 3 Hz and a
binning of 8. 100 frames were acquired per experiment; between frame 15
and 16, either 4 Al of Ringer solution or 1 mM acetyl choline chloride
(Sigma, Heidelberg, Germany) dissolved in Ringer solution was injected into
the approximately 400 Al drop covering the preparation. Imaging was
performed at a resolution of 1.3 Am per pixel. In some cases, a Z-stack of
the EYFP fluorescence of 50–60 planes and 1 Am distance was acquired
after the calcium imaging experiment using a piezo stepper (Piezo Systems,
Jena, Germany) with 2–3 s illumination time and a binning of 1. The Z-
stack was processed using a blind deconvolution algorithm (Amira software,
Indeed3D, Berlin, Germany) and contrast enhanced (Photoshop software,
Adobe Systems, San Jose, CA). For data evaluation, regions of interest
covering motorneuron somata, dendritic arborisations or control regions were
chosen and the fluorescence intensity was determined as a function of time
for EYFP, ECFP and the ratio EYFP/ECFP using the MetaMorph software
(Universal Imaging, Downingtown, PA). All EYFP and ECFP values were
normalised to the first value of each experiment and the first value set to 0.
Data are presented as DF/F (%).
Primary dissociation cultures of Drosophila
For the generation of primary cell cultures, cells were removed from
embryos with micromanipulator-attached capillaries, as described previously
(Ku¨ppers-Munther et al., 2004). In contrast to previous work, embryos were
older (6–7 h after egg lay at 25-C, i.e. stage 11 according to Campos-Ortega
and Hartenstein, 1997) and cells were transferred into dispersion medium rather
than cell culture medium. The dispersion medium was composed similarly as
published previously for dispersion of Manduca olfactory neurons (courtesy of
M. Stengl; Stengl and Hildebrand, 1990): 200 ml contained 30 ml HBSS
(Gibco), 3 ml penicillin– streptomycin-solution (Gibco), 0.01 g phenyl-thio
urea (Sigma), 170 ml distilled water, 0.5 mg/ml Collagenase (Worthington,
Cellsystems) and 2 mg Dispase (Roche). Digestion of cells was stopped after 3
min through addition of cell culture medium, cells were centrifuged at 1100
rpm for 7 min, supernatant removed and the final volume of the cell culture
medium added. Aliquots of 30–40 Al were transferred to flat bottom wells in
special glass slides which were sealed air-tight with cover slips like described
previously (Du¨bendorfer and Eichenberger-Glinz, 1980). Cells were kept for 1
day in standard Schneider’s medium and subsequently shifted to SMactive
Schneider’s medium as detailed elsewhere (Ku¨ppers-Munther et al., 2004).Three-dimensional reconstructions were carried out with Amira software (TGS
Europe, Merignac Cedex, France).
Results
Motorneuronal dendrites of Drosophila share essential
features with vertebrate dendrites
As explained in the Introduction, dendrites of Drosophila
motorneurons and of vertebrates show similarities at the gross
morphological level, but arise from strikingly different loca-
tions in the neuron (cell bodies vs. primary neurites). Do these
neurites share similar features at the subcellular and develop-
mental level? Can they be defined as analogous or even
homologous cellular compartments? To test this possibility, we
chose a number of properties typical of vertebrate dendrites and
asked whether motorneuronal dendrites of Drosophila display
similar characteristics.
(i) An essential property of prototype dendrites in the
vertebrate CNS is that they represent postsynaptic compart-
ments (Peters et al., 1991). At the physiological level,
Drosophila motorneurons are receptive to acetyl choline and
GABA (Rohrbough et al., 2003), and also ultrastructural
analyses reveal that they receive presynaptic input (Baines et
al., 1999). To determine whether postsynaptic sites are
restricted to motorneuronal dendrites, mosaic strategies had
to be employed, and we made use of the Gal4/UAS system of
targeted gene expression (Duffy, 2002). To this end, we
generated transgenic fly strains carrying a Gal4-inducible
HA-tagged construct of the Drosophila ionotropic GABA-
receptor Resistance-to-Dieldrin (Rdl-HA) and targeted Rdl-HA
to all motorneurons (driver line: OK6-Gal4). In these
motorneurons, anti-HA immunoreactivity is localised strongly
in dendrites, but is virtually absent from their primary neurites
and presynaptic NMJ terminals (Figs. 2E, EV and Supplemen-
tary Figs. 1A, B). Its localisation pattern indicates that
motorneuronal dendrites represent postsynaptic compartment
of Drosophila motorneurons. Therefore, to our knowledge,
Rdl-HA represents the first specific dendrite marker for
neurons in the Drosophila CNS.
(ii) Dendrites in the vertebrate CNS usually lack presynaptic
specialisations (Peters et al., 1991). To test whether this is
likewise the case for motorneuronal dendrites of Drosophila,
we carried out mosaic analyses via cell transplantation of
neural precursor cells allowing presynaptic sites of only a small
subset of neurons to be visualised with antibodies against
presynaptic proteins (see Materials and methods). 8 cell
lineages with motorneurons (VUM, MNB, NB1–1, 3–1, 3–
2, 5–2, 5–3, 7–1 with at least 2 examples, respectively) were
identified, accounting for about 50% of motorneurons. In no
case did their dendrites contain signs of presynaptic specialisa-
tions (Figs. 2A, B). Furthermore, we used the Gal4/UAS
system to analyse the subcellular localisation of the HA-tagged
presynaptic marker Synaptotagmin (Syt-HA). We found that, if
Syt-HA is expressed in motorneurons, it is never detected in
motorneuronal dendrites but prominent staining is found in
their presynaptic terminals at neuromuscular junctions (NMJs;
Fig. 3. Motorneuronal side branches develop late and display distinc
cytoskeletal features. Embryos with eve-Gal4 targeted expression of differen
genes; targeted genes are indicated top right, the body location bottom left
developmental time bottom right; symbols and orientation as illustrated in Fig
1E. (A, AV) Although aCC and RP2 motoraxons (arrows) have reached dorsa
muscle areas already at 12 h (A), their side branches in the vNC are not ye
formed (open curved arrow in panel AV), but they can clearly be seen at 21
h (white curved arrow in panel BV). (C) At 21 h, bovine Tau fails to localise to
dendrites (open curved arrow). (D, E) Dendrites of aCC and RP2 are clearly
labelled when targeting other microtubule-associated markers like a-tubulin
84B (Tub) and shot-GFP (Shot). (F) Actin-GFP shows speckled accumulations
in dendrites and cell bodies, but is hardly visible along the primary neurite (see
also Supplementary Fig. 1). (G–HV) Nod-hGal (Nod) restricts to dendrites
proximal primary neurite and cell bodies (G), and can be found enriched a
dendrite tips at late larval stages (L3; cell outline shown with CD8 in panel H
Nod-hGal of the same cell in panel HV). Scale bar represents 10 Am.
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that dendrites of all motorneurons lack presynaptic specialisa-
tions. Our data indicate that they are of mere postsynaptic
nature, consistent with ultrastructural data for motorneurons
from larger insects (summarised in Burrows, 1996). Like in
vertebrates, these motorneurons only receive and integrate
synaptic input, but are unable to feed back directly into the
nervous system via synaptic output. This finding is also of
importance for analyses of the circuitry underlying motor
behaviour in Drosophila (Suster et al., 2003).
(iii) Many types of vertebrate dendrites show calcium
responses upon excitation (Ha¨usser et al., 2000). To test this
possibility for Drosophila motorneurons, we used the genetic
calcium indicator Cameleon2.1 targeted exclusively to aCC and
RP2 motorneurons. When the excitatory transmitter acetyl
choline was bath applied to exposed ventral nerve cords of
such embryos, cell bodies and dendrites of Cameleon2.1-
expressing neurons show elevations of intracellular-free calci-
um occurring simultaneously in cell bodies and the dendritic
area of aCC and RP2 motorneurons, whereas no effect was
seen in primary neurites (Figs. 2F–HV). Application of ringer
did not elicit any response (Fig. 2HW). Thus, not only the
postsynaptic dendrites but also cell bodies of aCC and RP2
induce calcium responses. This finding is consistent with the
long known fact that insect cell bodies, although they do not
receive synaptic input, display functional transmitter receptors
(Burrows, 1996). This might reflect the existence of a
developmentally defined somatodendritic entity in these
neurons (see Discussion). Important in our context is that
motorneuronal dendrites show calcium responses, a feature
shared with many vertebrate dendrites.
(iv) The cytoskeletal arrangement of vertebrate dendrites is
distinct from that of axons (Craig and Banker, 1994), as
illustrated by the compartment-specific localisation of the
microtubule-associated proteins like Tau which is restricted
to axons. Further features are accumulations of Actin at
dendritic postsynaptic densities (Matus, 2000) and the uniform
plus-end out orientation of microtubules in axons vs. a mixed
pool of plus-end and minus-end out microtubules in dendrites
(Baas et al., 1988). We made use of a number of UAS-
constructs to analyse these features in motorneuronal dendrites
of Drosophila.
When myc-tagged bovine Tau was targeted to aCC and RP2
motorneurons, it showed a prominent localisation along
primary neurites but was mostly excluded from dendrites
(Fig. 3C). In contrast, GFP-tagged a-Tubulin-84B (Grieder et
al., 2000) enters dendrites of aCC and RP2 demonstrating that
microtubules are present in these compartments (Fig. 3D).
Also, the large microtubule-binding protein Short stop-GFP
(Lee and Kolodziej, 2002) displays prominent localisation in
these dendrites (Fig. 3E) demonstrating that microtubules in
these dendrites are accessible. Therefore, we conclude that the
specific localisation of Tau-myc to microtubules in primary
neurites but not dendrites reflects cytoskeletal differences
between these compartments. In order to address the orienta-
tion of microtubules in dendrites, we used targeted expression
of a Nod-hGal fusion protein, which was shown previously tot
t
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.
l
t
-
,
t
,move towards minus-ends of microtubules (Clark et al., 1997).
In motorneurons of mature embryos (eve-Gal4), Nod-hGal was
found exclusively in somata, dendrites and proximal primary
neurites, but never in primary neurites distal to the area where
dendrites emanate (Fig. 3G). This localisation pattern of Nod-
hGal is consistent with a scenario in which minus-end-out
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but not axons, as is the case in vertebrates (Baas and Buster,
2004). At late larval stages, Nod-hGal is still found in the
proximal primary neurite (little puncta in Fig. 3HV) but shows a
strong tendency to accumulate at the tips of motorneuronal
dendrites, as if the protein gets accumulated at these sites over
time (Fig. 3HV). These data suggest that minus-end-out
microtubules seem to exist in dendrites of Drosophila
motorneurons. Similar data have been reported for interneuro-
nal dendrites in Drosophila mushroom bodies (Lee et al.,
2000).
Finally, like in vertebrate dendrites, Actin-GFP strongly
accumulates in motorneuronal dendrites of Drosophila, espe-
cially at the mature stage (Fig. 3F and Supplementary Fig. 1).
These accumulations of Actin-GFP might represent postsyn-
aptic densities of excitatory synapses, as was similarly found in
cricket brain (Frambach, 2004; Frambach et al., 2004;
Supplementary Figs. 1AV–C). Consistent with this interpreta-
tion, ultrastructural studies have revealed abundance of
postsynaptic densities in the ventral nerve cord of Drosophila
embryos (Prokop, 1999).
(v) Vertebrate dendrites in culture and in developing
nervous systems tend to grow later than axons (Craig and
Banker, 1994). By targeting Actin-GFP or mCD8-GFP to aCC
and RP2 motorneurons, it is possible to visualise their
morphology throughout development. We found that at 13Fig. 4. Endogenous Par6-complex genes in neuropile and sensory organs. (A–D) Em
Lgl is enriched in neuropile (np) and axons (white arrow) (A); within neural tissues,
staining of trachea) and in sensory neurons, as demonstrated for chordotonal orga
enriched in the soma of sensory neurons (open arrowheads), at the inner segment of
Staining at the inner dendritic segment occurs in an area where neuron (yellow)
assignment to the neuron (inset in panel E represents a perpendicular section in this a
the neuronal origin of Bazooka is demonstrated via neuronal expression (elav-Gal
panel F); as neuronal markers (Neu), 22C10 and anti-HRP were used simultaneo
dendrites is already observed at ca. 10 h. Abbreviations: cc, cap cell; ci, dendritic
rootlet; sc, scolopale cell; sn, sensory neuron (for morphological details of chordo
24 Am in panels A to D, 6.3 Am in panel F, 12.6 Am in panel G.h when their axons have already reached their target muscles,
dendrites have only begun to form (Figs. 3A, AV, 5C). This is
consistent with recently published data for RP3, another
identified Drosophila motorneuron (Kim and Chiba, 2004).
Thus, the developmental time line shares basic principles with
that of vertebrate dendrites.
(vi) In developing cultured hippocampal neurons, the Par6-
complex genes Par3 and Par6 are enriched at the axonal tip, but
also in the cell body, i.e. the cellular compartment from which
vertebrate dendrites emerge (Shi et al., 2003). In Drosophila,
Par6-complex genes like Bazooka (the Drosophila homologue
of Par3), Par6, aPKC and Lethal giant larvae (Lgl) are required
early for the polar organisation of neural precursors (Betschin-
ger et al., 2003). We find these four proteins also in the nervous
system at the time when motorneuronal dendrites start
emerging. Whereas Lgl is expressed ubiquitously in neuropile
and peripheral nerves (Fig. 4A; comparable to its ubiquitous
localisation in neural precursors; Supplementary Fig. 2A),
Bazooka, Par6 and aPKC are restricted mainly to the neuropile
(Figs. 4B–D; comparable to their restricted localisation in
neural precursors; Supplementary Fig. 2A). In addition,
endogenous Bazooka, Par6 and aPKC, but not Lgl, were found
at dendrites of sensory neurons (see details in Fig. 4).
In order to investigate the subcellular localisation of
Bazooka in motorneurons in greater detail, we had to carry
out mosaic analyses based on the Gal4/UAS system. To thisbryonic nerve cords in horizontal view (orientation and symbols as in Fig. 1E):
Baz, Par6 and aPKC are enriched in the neuropile (asterisks in panel B indicate
ns (insets). (E, F) Within chordotonal organs, endogenous Bazooka is clearly
the dendrite (curved arrow) and in the scolopale cell (black/white arrowhead).
and scolopale cell (light blue) closely interdigitate, hindering its unequivocal
rea indicated by a red dashed line; for details see Carlson et al., 1997). However,
4) of Baz-GFP (Baz*) which clearly colocalises at dendrites (curved arrow in
usly. (G) Colocalisation of endogenous Bazooka and Baz-GFP in developing
cilium; cx, cortex; np, neuropile; rl, receptor lymphe space; ro, intracellular
tonal organs see Carlson et al., 1997; Hartenstein, 1988). Scale bar represents
Fig. 5. Baz-GFP restricts to reproducible motorneuronal compartments.
Targeted expression of Baz-GFP (Baz*), mCD8-GFP (CD8) or Homer-myc
(Hom) in motorneurons targeted by eve-Gal4RN2 (aCC and RP2 motorneurons;
A–CV), MzVUM-Gal4 (bifurcating VUM neurons; D, E) or OK6-Gal4 (all
motorneurons; F, G). Symbols and orientation as illustrated in Fig. 1E. (A–BV)
At 10 h, Baz-GFP is enriched in proximal compartments (double chevron) and
at growing tips (white arrows) of primary neurites, but low in other sections
(open arrows); colabelled for endogenous Fasciclin2 (Fas in panels A, B). The
granular appearance of Baz-GFP is reminiscent of granules observed upon
transfection of Par3 into vertebrate cells (Lin et al., 2000; Shi et al., 2003). (C,
E) Baz-GFP is still restricted to the proximal primary neurite (double chevron)
at 13 h, when dendrites start to emanate; axons (open arrows) and dendrite buds
(chevrons) labelled by mCD8-GFP in panel D and coexpressed Homer-myc in
panel C. (F, G) Whereas OK6-Gal4-driven mCD8-GFP highlights motor-
neuronal cell bodies (arrowheads), dendrites (curved arrows) and efferent axons
(white arrows) evenly (F), Baz-GFP is accumulated in dendrites but not axons
(open arrows). The function of this striking compartmentalised localisation of
Bazooka at any stage of development has so far not been uncovered (our own
unpublished data; Rolls and Doe, 2004). Scale bar represents 20 Am in panels A
to CV, F, G and 25 Am in panels D, E.
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constructs encoding GFP-tagged Bazooka (Baz-GFP). We
confirmed for various tissues that Baz-GFP localises to the
same subcellular locations as endogenous Bazooka (details in
Figs. 4E–G, Supplementary Fig. 2). We then analysed the
localisation of Baz-GFP in motorneurons. At mature stages,
Baz-GFP localises to dendrites of motorneurons (Fig. 5G),
analogous to its localisation in sensory dendrites (Fig. 4). At
earlier stages, prior to dendrite formation (10hr and 13hr of
development), Baz-GFP prominently localises to the proximal
primary neurite, stretching from the cell body to the position
where the distal-most dendritic branches emanate (double
chevrons in Figs. 5B–E). At 10 h, GFP-Baz is in addition
enriched at the growing tip of axons, though at lower levels
(arrows in Fig. 5A). We conclude that Bazooka in developing
Drosophila motorneurons is localised analogously to its
homologue Par3 in early hippocampal neurons (Shi et al.,
2003): both display enrichment at the growing tips of axons,
and both localise to the compartments where dendrites are
going to form (somata in vertebrates, extended into the
proximal primary neurites in Drosophila).
In summary, the six criterions presented here, together with
previously known features (tree-like morphology and confined
positioning in the neuropile; see Fig. 1), show that motor-
neuronal dendrites of Drosophila share essential properties
with dendrites of vertebrates and represent an analogous or
even homologous subcellular compartment.
Isolated Drosophila motorneurons tend to display somatic
polarity in primary cell culture
Although dendrites in both systems share essential proper-
ties, the position within the cell where dendrites emanate is
very different. In terms of functional polarity (dendrites being
the pole of synaptic input, axons the pole of output), vertebrate
neurons display somatic polarity, with the centre of polarity
(axon hillock) lying close to or within the soma (Fig. 1A). In
contrast, Drosophila motorneurons show ectosomatic polarity
with the centre of polarity on the primary neurite, as similarly
shown for the spike initiation zone in motorneurons of larger
insects (Fig. 1C; Burrows, 1996). Mammalian Par3 and
Drosophila Bazooka seem to restrict their locations relative
to the centre of polarity and seem to represent helpful
compartmental markers.
In vertebrates, somatic polarity appears to be the default
state, since isolated vertebrate neurons in primary cell culture
form dendrites on their cell bodies (Banker and Cowan, 1979;
Shi et al., 2003). To test whether Drosophila motorneurons
display ectosomatic polarity by default, we carried out cell
culture experiments, using recently improved culture condi-
tions where neurons achieve a maximum of their natural
structural and physiological properties (Ku¨ppers-Munther et
al., 2004). Here, we developed these cultures further. Based on
recipes for Manduca (Stengl and Hildebrand, 1990), neurons
from 6–7 h old Drosophila embryos were dissociated. Neurons
at this embryonic stage are about to start growing their
processes (Thomas et al., 1984), so that we can analyse denovo formation of neurites instead of regenerative growth.
However, these neurons are postmitotic and should have
adopted their cell-intrinsic developmental programmes (Bhat,
1998), allowing us to monitor their cell-autonomous traits in
Fig. 7. Heterobipolar motorneurons in primary cell culture. (A, B) After 3 days
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during the period of neuritic growth.
In principle, the dissociation cultures contain all cell types
and cellular features known from conventional primary cultures
(Supplementary Fig. 3). Here, we focussed on isolated
motorneurons identified via GFP-expression (derived from
OK6-Gal4;Uas-mCD8-GFP embryos). At day 1 in culture, the
majority of isolated motorneurons is unipolar (Figs. 6A, E)
displaying long projections with spots of presynaptic proteins
like Synapsin or Synaptotagmin (not shown). After 3 days in
culture, their neurites are fully grown, and the majority of GFP-
labelled motorneurons has now become heterobipolar (Figs.
6B, E). Cell bodies of heterobipolar neurons give rise to a long
neurite and, on the opposite side, a short process. The fact that
these short processes develop later than their long counterparts
reminds of the delayed outgrowth of dendrites in situ (Figs. 3AV
vs. BV). These short processes in culture stain with anti-Tubulin
showing them to be true microtubule-containing neurites
instead of transient filopodia (Fig. 7A). Three-dimensionalFig. 6. Shape and distribution of principal cell types obtained in primary
dissociation cultures. Isolated motorneurons in culture fall into 4 different
classes (arrowheads, somata; arrows, primary neurites; curved arrows, short
processes). Somata of unipolar neurons (A) bear only one primary neurite,
heterobipolar neurons (B) have one long and one short neurite emanating from
their cell body, multipolar neurons (C) show many short processes and bipolar
neurons give rise to two long processes (D; open arrow points at a short side
branch emanating from the left primary neurite). The diagram (E) shows the
distribution of these cell types amongst motorneurons (targeted by OK6-Gal4).
Whereas the number of unipolar neurons decreases after 1 day in culture, the
number of heterobipolar neurons rises during the first 3 days in culture. Scale
bar represents 20 Am.
in primary dispersion culture, the majority of isolated motorneurons (obtained
from OK6::mCD8-GFP embryos) display a long (arrow) and a short (curved
arrow) neurite on opposite sides of their cell bodies (arrowhead), as illustrated
by three-dimensional reconstruction (B). (B–D) The short process contains
Tubulin (C) but no presynaptic Synapsin (D), and Bazooka (Baz) and Baz-GFP
(Baz*) are restricted to the soma prior to outgrowth of the short process (E, F).
Scale bar represents 40 Am in panels A and D, 30 Am in panels B, C and E.reconstructions revealed that these short processes emanate
directly from the cell body (Fig. 7B). When stained with anti-
Synaptotagmin or anti-Synapsin antibodies, the short processes
do not contain dotted presynaptic staining, in contrast to their
long counterparts (Fig. 7D). We conclude that these short
processes are of dendritic nature. Therefore, as in vertebrate
neurons, somatic rather than ectosomatic polarity seems to be
the preferred state of Drosophila motorneurons. To test this
interpretation, we analysed endogenous Bazooka and Baz-GFP
in isolated cultured motorneurons and found both to be
restricted to somata (arrowheads in Figs. 6E, F), as is the case
in vertebrate neurons (Shi et al., 2003). If considering Bazooka
as a compartmental marker, its localisation confirms that
cultured Drosophila motorneurons display somatic polarity.
Similar to our findings, sensory dorsal root ganglion cells of
vertebrates, which are unipolar in situ, acquire bipolar or
multipolar morphology in dissociation culture (Bray, 1979).
Somatic polarity can be induced in Drosophila motorneurons
in situ
If somatic polarity is the preferred state of isolated
Drosophila motorneurons, why do they display ectosomatic
polarity in the CNS? An essential answer to this question was
obtained from our experiments with targeted expression of the
activated Rho-like GTPase Cdc42. Dendrites of aCC and RP2
motorneurons expressing Cdc42V12 (gain-of-function) tend to
be irregular and shorter (Figs. 8C, CV). This is in agreement
with the report that cdc424 mutant dendrites (loss-of-function)
are longer, as observed for VL interneurons in the optic lobe of
Drosophila (Scott et al., 2003b). Cdc42V12-expressing aCC
Fig. 8. Dendrites can be placed on somata of Drosophila motorneurons. (A, B)
In mature wild type embryos, aCC and RP2 dendrites are formed in
characteristic mediolateral positions (in between dashed lines; symbols as in
Fig. 1E). (C, D) Upon eve-Gal4RN2-driven expression of Cdc42V12, dendrites
are reduced (bent arrows in panels C, CV), but they are located in similar
mediolateral positions, although cell bodies of RP2 are occasionally displaced
laterally (arrowheads); in such cases, dendrites are found on the cell bodies
instead of primary neurites, representing a vertebrate-like constellation (Fig. 1).
(E) In lateralised RP2 motorneurons, Baz-GFP (Baz*) is localised to the soma
(arrowhead), as is the case in vertebrate neurons (Shi et al., 2003); costaining
for endogenous Fasciclin2 (Fas) outlines the neuropile. Scale bar represents 12
Am in panels A, C and E.
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and Baz-GFP granules localise correctly to proximal compart-
ments of primary neurites. However, Cdc42V12-expressing RP2
motorneurons have a tendency of soma displacement from the
CNS midline to positions lateral of the neuropile (Figs. 8C–D),
and their primary neurites project straight into the peripheral
nerve without contacting the neuropile and without budding off
dendrites. Yet, dendrites of lateralised RP2 neurons are formed
in the correct position of the neuropile (between dashed lines in
Figs. 8C, CV) but emanate directly from their cell bodies,
specifically from the surfaces closest to the dorsal neuropile
(curved arrows in Figs. 8C–D). Accordingly, at 13 h, Baz-GFP
fails to localise to the proximal primary neurite of lateralised
RP2s, but is restricted to their dendrite-forming cell bodies
instead, thus confirming the somatic polarity of these cells.
Our findings suggest that ectosomatic polarity is not
intrinsically determined but through extracellular dendrite-
inducing signals. Most importantly, we demonstrate that the
subcellular position of Drosophila dendrites can be altered to
mimic that of vertebrate dendrites. It therefore seems that thesame mechanisms in Drosophila involved in dendrite forma-
tion on primary neurites of motorneurons can induce dendrites
on their somata. Taking together the positional, structural,
developmental and physiological similarities of dendrites in
Drosophila and vertebrates, we propose that dendrites in both
systems represent homologous cell compartments.
Discussion
Analyses of vertebrate and invertebrate nervous systems
have clearly shown that principal functional features of their
neurons share a great deal of similarity (Laurent, 1999).
However, the way they are composed into nervous tissues
shows considerable differences which are reflected in
distinct cellular shapes of the individual nerve cells (Bullock
and Horridge, 1965; Ramo´n y Cajal, 1909, 1911). Ramo´n y
Cajal suggested that in many unipolar neurons of invertebrates
‘‘...functional dendritic processes clearly exist.... However, the
dendritic character of processes associated with these unipolar
cells is not reflected in their appearance or origin...’’ (Ramo´n y
Cajal, 1909, 1911). Is this anatomical difference paralleled by
principal developmental and/or physiological differences? Or
might mechanisms of dendrite development discovered in the
invertebrate model organism Drosophila in principle be
translatable into vertebrates or mammals? Here, we have
addressed this problem by characterising the compartmentali-
sation of motorneurons in Drosophila embryos.
By focussing exclusively on properties of dendrites of one
type of neuron, we could integrate different criterions and lines
of argumentation which, in their sum, make a strong case. They
suggest that invertebrate dendrites share essential properties
with dendrites in vertebrates and are very likely to be of
common developmental and evolutionary origin. Can these
insights be generalised? Several dendrite features have been
addressed in different types of neurons in different insect
species; however, these reports focus mainly on single
properties. For example, the exclusive postsynaptic nature of
a variety of dendrites in larger insects has been demonstrated
(Burrows, 1996; Killmann et al., 1999), or the potential
presence of inverted microtubules (Lee et al., 2000), of Actin
accumulations (Frambach et al., 2004) or of calcium spikes
(Single and Borst, 1998) in dendrites of interneuronal Kenyon
cells. Therefore, our findings for motorneurons are likely to
apply to other types of insect cells.
Implications for dendrite development
To which degree can we compare and translate the
mechanisms underlying dendrite development in vertebrates
and insects? Potential limitation is given by a number of
structural or molecular differences. First, the excitatory
transmitter in the CNS is commonly glutamate in vertebrates
but acetyl choline in insects. However, these classes of
excitatory synapses might in fact not be too different in their
molecular composition (Parker et al., 2004). Second,
postsynaptic spines are abundant in vertebrate dendrites
(Yuste and Bonhoeffer, 2004) but, in spite of intense
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spines in insects (Frambach et al., 2004; Hausen et al.,
1980; Scott et al., 2003b) suggesting them to represent rare
structures. Third, in vertebrate neurons, Nissl bodies
(representing rough endoplasmatic reticulum) extend from
cell bodies into dendrites (Peters et al., 1991; Ramo´n y
Cajal, 1909, 1911), whereas they restrict to neuronal cell
bodies in invertebrates (Cohen, 1967).
Although there are obvious differences between dendrites
in both systems, we have demonstrated that they have a
number of other essential properties in common. Mechanisms
underlying the development of these common features are
potentially translatable between organisms, facilitating ad-
vances in the field of dendrite development through compara-
tive research (Jan and Jan, 2003). Good examples of common
developmental mechanisms are existing already. Thus, activity
has an impact on endogenous mechanisms of dendritic growth
in both systems (e.g. Duch and Mentel, 2004; Scott et al.,
2003a, and references therein). In both systems, motor proteins
seem important players to produce differences between
dendrites and axons (Liu et al., 2000; Yu et al., 1997) and
seem to work even across these taxa (Sharp et al., 1996).
Finally, in Drosophila and vertebrates, Par6-complex genes
localise to prospective areas of dendrite formation in the CNS
(Shi et al., 2003), both show Cdc42-dependent alterations of
dendrite development (Li et al., 2000; Scott et al., 2003b; our
data) and require N-cadherin for their normal outgrowth (Yu
and Malenka, 2003; Zhu and Luo, 2004). These examples,
together with our findings, clearly indicate that, molecular
insights into dendrite formation in the CNS gained in
Drosophila will have relevance beyond species borders.
Examples of such insights have been reported already for
motorneuronal dendrites (Baines et al., 2002; Godenschwege
et al., 2002; Kim and Chiba, 2004; Prokop et al., 1998) and
interneuronal dendrites in the adult brain (e.g. Reuter et al.,
2003; Zhu and Luo, 2004).
Implications for cell polarity and transport
An interesting functional feature when comparing uni-
polar to heteropolar neurons is their differential transport
into dendrites and axons (Setou et al., 2004). If dendrites
and axons emanate directly from the cell body, proteins can
be sorted directly in the soma. In contrast, unipolar neurons
give rise to one primary neurite which bears both
presynaptic and postsynaptic compartments. Particularly,
the proximal primary neurite is of hybrid nature in that it
has to transport cargo addressed to both compartments.
Microtubules appear similarly abundant in proximal and
distal stretches of the primary neurite, as suggested by the
even distribution of Tubulin-GFP (Fig. 3D). However,
proximal and distal primary neurites are different with
respect to other molecular properties, such as high affinity
for Baz-GFP (Fig. 5) and Nod-hGal (Fig. 3G). Based on
these observations, we propose that the somatic compart-
ment is extended into the proximal primary neurite in
unipolar motorneurons.Evolutionary implications
Vertebrates and arthropods are generally believed to have
evolved from a common urbilaterian ancestor (Ghysen,
2003; Nu¨bler-Jung and Arendt, 1994). Nicolas Strausfeld
suggested for an insect neuron that ‘‘we need merely to
shrink the cell body fibre [=proximal primary neurite of a
unipolar neuron] ...to zero length for it to become a passable
imitation of the vertebrate neuron...’’ (Strausfeld, 1976). Our
data in cell culture and with Cdc42V12 expression in situ
demonstrate that this alteration can indeed be achieved
experimentally.
Why should a cell body shift have to take place?
Whereas lower invertebrates mostly contain multipolar
neurons (Bullock and Horridge, 1965; Ramo´n y Cajal,
1909, 1911), i.e. the potential default state, higher inverte-
brates display multipolar neurons in the peripheral nervous
system, but no longer in the CNS. CNS neurons of higher
invertebrates are likely to have acquired a unipolar shape
secondarily through displacement of cell bodies, perhaps to
give way for the very dense synaptic arrangement of the
neuropile. An alternative, physiological reason could have
been that displacement of neuronal somata to the cortex
facilitates their access to nutrients of the haemolymph
(circulating around the CNS), whereas synaptic networks
of their neurites benefit from favourable extracellular ion
concentrations in the neuropile mediated by an additional
sheath of glia cells (O. Breitbach, personal communication).
Since unipolar neurons have become by far the most
abundant form throughout the animal kingdom (Bullock
and Horridge, 1965), we propose that a common urbilaterian
ancestor of vertebrates and arthropods had unipolar neurons,
and that vertebrates have reverted the morphology of their
CNS neurons to the default heteromultipolar state. Such a
development in vertebrates has been induced/made possible
through the enormous brain size, its supply via penetrating
blood vessels and the development of voluminous myelin
sheaths around ascending/descending axons. Our hypothesis
is supported by the existence of unipolar neurons, which are
especially abundant in the CNS of lower vertebrates, but
even in mammals in form of amacrine cells in the retina
(Medina et al., 2004; Morales et al., 1989; Ramo´n y Cajal,
1909, 1911; Villeta et al., 1991).
Our data suggest that signals in the dorsal neuropile
induce dendrites on that surface of a motorneuron which is
closest to this region (Figs. 8C–D), and the mediolateral
arrangement of these signals might be regulated through or
linked to the Netrin/DCC and Slit/Robo signalling pathways
(Furrer et al., 2003; Godenschwege et al., 2002). In
agreement with the existence of dorsal dendrite-inducing
signals, all motorneuronal dendrites in the ventral nerve cord
of Drosophila emanate from primary neurites in the dorsal
neuropile (Landgraf et al., 2003b). These still unidentified
signals could have ensured that during evolution dendrites
retained their positions in the synaptic core area, thus
leaving principal circuitry unaffected—even though cell
bodies gradually changed their positions.
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